The objective of this research was to investigate the critical water content (θ c ) and water stress coefficient (K s ) of soybean plant under deficit irrigation. This research was conducted in a plastic house at the University of Lampung, Sumatra in Indonesia from June to September 2000. The water deficit levels were 0-20%, 20-40%, 40-60%, 60-80%, and 80-100% of available water (AW) deficit, arranged in Randomized Completely Block (RCB) design with four replications. The results showed that the soybean plant started to experience stress from week IV within 40-60% of AW deficit. The fraction of total available water (TAW) that the crop can extract from the root zone without suffering water stress (p) was 0.5 and θ c was 0.305 m 3 m −3 . The values of K s at p=0.5 were 0.78, 0.86, 0.78, and 0.71 from week IV to week VII, respectively. The optimum yield of soybean plant with the highest yield efficiency was reached at 40-60% of AW deficit with an average K s value of 0.78; this level of deficit irrigation could conserve about 10% of the irrigation. The optimum yield of soybean plant was 7.9 g/pot and crop water requirement was 372 mm.
Introduction
Soybean is a very important commodity in Indonesia used as human food, raw material for vegetable oil, and in the veterinary industry. Some of the processed soybeans that are very familiar to Indonesian communities are Tempe, Tofu, and Soya.
In Indonesia, soybean production has been fluctuating in the cropping area, 1407, 1477, 1279, 1119, and 1091×10 3 ha, respectively from 1994 through 1998, and the total soybean yields were 1565, 1680, 1517, 1357, 1306×10 3 tons for the respective croppings (Indonesian Statistical Bureau 1998). These yields could not meet the total soybean demand for national consumption; therefore, Indonesia had to import soybean to supplement local production. The soybean that Indonesia imported was 700,000 tons in 1993, and increased to 743,000 tons in 1996. According to Siswono (2004) , Indonesia currently imports 1.3 million tons of soybeans to meet 45% of national consumption, and has become the highest soybean importing country in the world.
One of the reasons why the cropping area decreased was the limited water resources (Fagi and Tangkuman 1985) . However, under limited resources, efficient use of water resources could be achieved through the use of new irrigation techniques such as irrigation programs involving deficient irrigation practice. Demand for evapotranspiration can be reduced either through agronomic measures or through the use of deficit-irrigation programs (Kirda et al. 1999) . The deficit irrigation is rather different from full irrigation.
According to James (1988) , full irrigation is economically justified when water is readily available and irrigation costs are low. Full irrigation is accomplished to minimize the occurrence of plant stress, i.e., irrigating so that actual evapotranspiration rates do not drop below potential rates.
On the other hand, the main approach to deficit irrigation practice is to increase crop water use efficiency by partially supplying the irrigation requirement and allowing planned water stress of the plant during one or more periods of the growing season with the least impact on crop yield (Kirda et al. 1999) .
If water supply is limited, the rate of soil water absorption by plants becomes less than the rate of evapotranspiration, and crop plants begin to be stressed when soil water falls below critical soil water content (θ c ). At or above θ c , the rate of actual evapotranspiration (ET a ) is the same as the rate of maximum evapotranspiration (ET m ). But if soil water content is below θ c , ET a < ET m or ET a /ET m < 1.0, the plant will be stressed. According to James (1988) , the soil water content between field capacity (θ FC ) and θ c is defined as readily available water (RAW) and in this range the crop yield and/or quality should be expected to be higher than in the range between θ c and permanent wilting point (θ PWP ). Full irrigation is normally scheduled to maintain soil water content above θ c .
The critical water content (θ c ) mentioned above can be estimated by the following equation:
wwhere θ FC is the water content at field capacity (m 3 m −3 ), θ PWP is the water content at permanent wilting point (m 3 m −3 ), and θ c is critical water content (m 3 m −3 ). In the above equation, p is the fraction of total available water (TAW) that a crop can extract from soil water through the root zone without suffering water stress and can be estimated by the following equation:
where RAW is the readily available water in root zone (m 3 m −3 ) defined as θ FC −θ c , and TAW is the total available water in root zone (m 3 m −3 ) defined as θ FC −θ PWP . According to Allen et al. (1998) , the evapotranspiration under water stress condition when soil water content falls below the critical water content, is referred as adjustment evapotranspiration (ET c adj ), which can be calculated by the following equation:
where ET c adj is the crop evapotranspiration under water stress condition, ET c is the crop evapotranspiration under standard conditions defined as ET c =K c ET o in which ET o is evapotranspiration of reference crop, K c is crop coefficient, and K s is water stress coefficient. The value of K s is very important for estimating ET c adj , so that the deficit irrigation scheduling can be made.
According to Doorenbos and Kassam (1979) , in order to quantify the effect of water stress, it is necessary to derive the relationship between relative yield decrease and relative evapotranspiration deficit given by the following equation:
where 1−Y a /Y m is the decrease in relative yield, 1−ET a /ET m is the decrease in relative evapotranspiration, K y is the yield response factor, ET a is actual evapotranspiration, and ET m is maximum evapotranspiration. The K y of soybean for the whole growing period under water deficit was 0.85 (Doorenbos and Kassam 1979) .
On the basis of the above explanation, it is necessary to determine an efficient management of water so that the soybean cropping area can be increased; therefore, it is important to know the values of θ c and K s . If these values were known and full irrigation is restricted by the availability of water, the deficit irrigation can be executed that allows maintaining soil water content below θ c but achieving a high enough yield.
The objective of this research was to determine the critical water content (θ c ) and water stress coefficient (K s ) of soybean plant to obtain optimum water management under plastic house conditions.
Materials and methods
This research was done in a plastic house of the Faculty of Agriculture at the University of Lampung from June to September 2000. Soybean cultivar Willis was grown in a Ultisol. This soil type is commonly found in Lampung covering about 48.5% of the total Lampung Province area. The soil texture consists of 0.25 kg/kg of sand, 0.26 kg/kg of silt, and 0.49 kg/kg of clay; and is classified as a clayey soil. The bulk density was 1.086 g/cm 3 . Soil water content at field capacity (34.7 kPa) was 0.393 m 3 /m 3 and wilting point (1585 kPa) was 0.216 m 3 /m 3 . Total available water (TAW) was 0.177 m 3 /m 3 . This research was conducted using a randomised complete block design with four replications. The treatments included five levels of water deficit (WD): WD1 (0-20%), WD2 (20-40%), WD3 (40-60%), WD4 (60-80%), and WD5 (80-100%). For example, a water deficit level of WD2 (20-40%) means that water was applied to maintain the available water depletion between 20 and 40% of TAW throughout the growing season. When the maximum allowable depletion of available water got close to 40% of TAW, water was applied to bring back the available water depletion to the deficit level of 20% of TAW. Daily monitoring of soil water was done by gravimetric method. The soybean plant was irrigated by hand. The amount of irrigation is the same with the amount of evapotranspiration (ET) of the day before. ET (mm) was calculated as follows:
where W i is the weight of container at day i (g), W i−1 is the weight of container at day i−1 (g), and A is the container surface area (cm 2 ). Agronomic variables evaluated in this research were plant height, leaf number, flower number, pod number, dry weight of above and below ground biomasses, and seed yield. Also evaluated were evapotranspiration rate, crop water requirement (CWR), water use efficiency (WUE), and yield efficiency (YE). WUE (g/mm) was calculated as the ratio of total biomass (TB, g) to CWR (mm), and YE (g/mm) was calculated as the ratio of yield (g) to CWR (mm). Statistical analysis was done using F-test at 5% significant levels, followed by Least Significant Different (LSD) test at the same level.
Soybean seeds were planted in black plastic containers (10 l volume), which had been filled with 7 kg air-dried soil. The black plastic containers assumed the role similar to a weighing lysimeter with no surface runoffs. The ET was calculated by gravimetric method. Five seeds were planted in each container, and after 1 week only two plants were maintained until the end of growth period. The soybean plants were sprayed with insecticide to protect them from insect attack at least twice a month. The growing period of soybean plant was 85 days, and irrigation was stopped 2 weeks before harvesting. The initial flowering of soybean plant was at week V and pod filling at week VII.
Results and discussions

Plant growth
The effects of water deficit on plant growth indicators are shown in Tables 1-3 . It can be observed from the tables that water deficits WD1 and WD2 had no significant differences with regard to plant growth indicators throughout the growing period. On the other hand, significant differences in growth indicators were observed for water deficits WD3, WD4, and WD5 treatments from week IV.
With the exception of WD3 that experienced stress at week VII, WD4 and WD5 showed stress from week V as far as the plant heights are concerned. However, in Table 2 , Numbers followed by the same letters vertically were not significantly different 5% 5% 5% 5% 5% 5% 5%
Numbers followed by the same letters vertically were not significantly different Table 3 . Furthermore, the total biomass was also significantly different for theWD3, WD4, and WD5 treatments.
Critical water content
The value of p (Eq. (2)) is the fraction of TAW that the crop can extract from the soil water through the root zone without suffering water stress. Because of the difficulties to determine the treatment at certain p value (e.g., 0.5), this experiment used the range of p values found for the 40-60% treatment. The critical water content is also very difficult to be determined, because that is a boundary value. This boundary is very thin, i.e., above this value the plant is not stressed and below this value, the plant is stressed; the value being the same. If the growth performance shows that the plant starts to be stressed at 40-60%, we are not sure whether the p value is 0.4 or 0.6; that is why we use the average as the value of p, i.e., 0.5.
On the basis of the above explanation, it is clear that the soybean plant experienced initial stress from week IV under WD3 (40-60%) and remained in the stress condition until harvest time. Therefore, the fraction of the total available water "p" at the point where the plants started experiencing stress could be taken as the average of WD3 (40-60%), p=0.5.
From Eq. (1), the critical water content (θ c ) can be computed as 0.305 m 3 /m 3 (i.e., [=0.393−0.5×(0.393−0.216)]). This result is rather different compared to that proposed by James (1988) , p=0.65, but almost the same as that of Doorenbos and Kassam (1979) , p=0.55. Table 4 shows that water deficit (WD) had significant effect on evapotranspiration (ET). The ET indicators showed that (40-60) LSD 5% 5% 5% 5% 5% 5% 5%
Evapotranspiration
Numbers followed by the same letters vertically were not significant different the soybean plant started to be stressed from week I, with p=0.9; week II, with p=0.7; and week IV, with p=0.5, respectively. However, there was no significant difference of ET under WD1 and WD2 throughout the growth period except at week IV where there was temporary stress. Even there is a stress phenomenon based on ET at WD2 at week IV, but on the basis of growth performance indicator, those are plant height, leaf number, flower and pod number, and also total biomass and yield; but there is no difference compared to WD1. So, the WD2 treatment at week IV did not have a continuing stress but just a temporary stress.
Water stress coefficients
Assuming that the evapotranspiration at WD1 (0-20%) occurred under the ideal condition for plant growth in which the soil water content is near field capacity, and there is no limitation for plant to meet the maximum evapotranspiration (ET m ), the actual evapotranspiration (ET a ) at WD1 is crop evapotranspiration (ET c ), which means the evapotranspiration of plant under standard conditions (Allen et al. 1998) . If evapotranspiration (ET c adj ) of plant is measured under water stress, the K s value can be calculated by using Eq. (3). Table 6 shows that although there was little difference between water use efficiencies (WUE) of WD1, WD2, and WD3, the WD3 treatment is the most efficient in yield efficiency (YE) with YE value of 0.0212 g/mm. As shown in Table 7 According to Doorenbos and Kassam (1979) , the K y values are derived on the assumption that the relationship between relative yield decrease and relative evapotranspiration deficit is linear and is valid for water deficits of up to about 50% or 1−ET a /ET m =0.5. The K y of soybean is 0.85 for the entire growing period of water deficit. The result of this experiment showed that the (1−ET a /ET m ) values varied from 0.045 to 0.535, and the K y values varied (Table 7) . So, the results of this experiment were not different from Doorenboss and Kassam's value of K y . It meant that this experiment was good enough for calculating the θ c and K s .
Optimum deficit irrigation Table 7 shows that the K y value of WD3 treatment was 0.611, or K y <1. It means that WD3 treatment was under deficit irrigation. And based on the crop water requirement and yield of soybean plant as mentioned previously, it can be concluded that the optimum yield of soybean plant with the highest yield efficiency (0.021) was reached by deficit irrigation which maintained the soil water condition at the level 40-60% of AW deficit (WD3), with p=0.5, θ c =0.305 m 3 /m 3 , and the K s =0.78. The optimum yield of soybean plant was 7.88 g/pot and crop water requirement was 372 mm. The WD1 treatment produced the highest yield (9.13 g) with a total crop water requirement of 479.3 mm. In other words, the deficit irrigation which maintains soil water at 40-60% of AW deficit could conserve 10.1% (i.e. [=(1−0.0190/0.0212)×100]) of irrigation water for producing the same yield of WD1.
Conclusions
1. The soybean plant started to experience stress at week IV with p=0.50, and θ c =30.5%, if soil water was maintained at 40-60% of AW deficit. 2. The various K s values at p=0.5 are 0.78, 0.86, 0.78, and 0.71 from week IV to week VII, respectively. 3. The average yield response factor of soybean for the total growing period was 0.851. 4. The optimum yield of soybean plant with the highest yield efficiency was reached by deficit irrigation that maintained the soil water condition at the level of 40-60% of AW deficit with K y =0.611, and the average value of K s was 0.78. 5. The optimum yield of soybean plant was 7.88 g/pot and crop water requirement was 372 mm. 6. The deficit irrigation which maintains soil water at 40-60% of AW deficit could conserve 10.1% of water under plastic house conditions.
